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Abstract 

In this paper, we reported a method to modify the crystallization of CZTSSe films by changing the 
microstructures of the precursor films. Precursor films with different microstructures were prepared and 
their crystallization processes were analyzed. We find even tiny differences in microstructures of the 
precursor films can result in significant alteration of the crystallization processes and the properties of 
CZTSSe films. Moreover, we found the S-to-Se substitution can be delayed to higher temperature 
depending on the microstructure of the precursor. This process plays critical roles in enhanceing the 
crystallization of CZTSSe films and can be used to eliminate the multi-layer crystallization in CZTSSe 
films. The detailed analysis on the crystallization processes revealed that different mechanism may 
dominate the crystallization of the films, which can determine the properties of CZTSSe films and solar 
cells. Moreover, a hybrid structure for precursor film was proposed which has different microstructures 
in different part of the film. In such a precursor film, different crystallization mechanism can work 
synergically during the preparation of the film. As the results, the comprehensive properties of the films 
were improved and solar cells with efficiencies up to 12.6% was prepared. 
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1. Introduction 

As an earth-abundant material for future photovoltaics, CuzZnSn(S,Se)4 (CZTSSe) has drawn the 
attentions of researchers for years I, However, due to the low quality of CZTSSe material and 
unfavorable interfaces in CZTSSe solar cells, the record efficiency of CZTSSe solar cells is far below its 
theory limit “!, One problem for CZTSSe material was the multi-layer crystallization ©!, The boundaries 
between the layers in the multi-layer structures may impede the transportation and enhance the 
recombination of the carriers. In some cases, fine-grain layer was formed in the multi-layer structure, 
which make the things worse. Another problem for CZTSSe material was the existence of unfavorable 
electric defects '**!, It has been proved that either the band-tail defects (e.g., [2Cuzn+Snzn]) or the deep- 
level defects (e.g., Snzn) could reduce the open-circuit voltage of the solar cell 1%, Except that, a high 
acceptor level in CZTSSe semiconductor can cause the fermi-level pinning at the absorber/buffer 
interface, which may enhance the recombination and reduce the open-circuit voltage of the solar cell H, 
Both the multi-layer crystallization and the formation of defects were directly related with the 
crystallization process. In principle, the morphology, and the defect properties of CZTSSe material can 
be modified by precisely controlling the crystallization process. This could be the key route to improve 
the material quality of CZTSSe. 

Asa multinary compound material containing multi-valence elements, CZTSSe can form following 
different reaction pathways. Therefore, different intermedia phases will be present during the formation 
of CZTSSe, which may influence the nucleation and grain growth of CZTSSe. For example, during the 
formation of CZTSSe, CuzSe, CuSe or CuSe2 could appear as intermedia phase depending on the 
temperature and the vapor pressure of Se l”, The different Cu-Se phase may play different roles in the 
nucleation of CZTSSe. Mainz et al, observed a fast formation of large CuzZnSnSey grains via the assistant 
of CuzxSe. They believe the transition from Cu2-xSe to CuzZnSnSey4 is more convenient than the transition 
from CuSe to CuzZnSnSey since CuzxSe and Cu2ZnSnSeq have the same cubic Se sublattice while CuSe 
has a hexagonal Se sublattice '?!, Furthermore, liquid phases could form in the Cu-Se or Cu-Sn-Se 
systems according to their phase diagrams. If liquid phase was generated during the formation of CZTSSe, 
it would be favorable for the grain growth of CZTSSe due to the enhanced mass transfer l“, 

Most of the CZTSSe films were prepared using the two-step method which involved the preparation 
of precursor films and the following selenization. In such methods, the starting point of the reaction 


pathway for CZTSSe is determined by the constitution of precursor films. Therefore, it would be possible 


to modify the reaction pathway of CZTSSe by changing the initial phases in the precursor films. The 
different intermedia phases that evolved from the initial phases could influence the crystallization process 
and determine the properties of CZTSSe films. Recently, by using different copper or tin sources in 
DMSO based precursor solutions, precursor films with different constitutions (Cu2ZnSnS,4 nanocrystal 
film or crystallized Cu2S/SnS/ZnS hybrid film) have been prepared |'>-'7], The precursor films exhibited 
different reaction pathway and grain growth mechanism, which further influence the surface properties 
of CZTSSe films. It was believed the deep-level defect at the surface region of the films can be eliminated 
by using Sn** precursor. Based on the Sn** precursor, solar cells with efficiencies up to 12.6% have been 
achieved, implying the prospect of such methods. 

In this paper, we developed the methods to optimize the crystallization of CZTSSe by modifying 
the properties of precursor films. In contrast to the reference, we used the same source materials but 
changed the orders by which the source materials were added into the DMSO solution. Precursor films 
with different micro-structures (e.g., constitution, crystallinity, chemical environment of elements, etc.) 
can be obtained by using different precursor solutions. It was found a small variation of the micro- 
structure in precursor film is enough to alter the crystallization process of the film. As a result, the bulk 
properties of CZTSSe films (morphology, defect properties, etc.) can be changed significantly. Detailed 
analysis revealed that the temperature at which the S-to-Se substitution take place in the bottom of the 
films may play crucial role in determining the crystallization of the bottom layer. A high temperature 
(>500°C) S-to-Se substitution can eliminate the multi-layer crystallization and modify the bulk properties 
of the CZTSSe films. However, such a process may deteriorate the surface properties of the CZTSSe 
films. Based on the analysis of the experimental results, we proposed a hybrid structure of precursor 
films in which the bottom of the sublayers and the top sublayers were prepared using different process. 
During the selenization of such precursor film, high-temperature S-to-Se can take place in the bottom of 
the precursor films, but the surface properties were not influenced by this process. By using such 
procedure, solar cells with efficiency up to 12.6% have been prepared. 

2. Experimental details 

Two different processes were used to prepare the precursor solutions. For the normal process which 
have been reported in references, 2.3mmol of copper(II)-acetate monohydrate (99.95%, Aladdin), 1.6 
mmol of tin(II)-chloride dihydrate (99.99%, Aladdin), 1.6 mmol of zinc(II)-chloride (99.95%, Aladdin 


Company), and 5.5 mmol of thiourea (99%, Sigma-Aldrich) were successively dissolved in 2 mL of 


dimethyl sulfoxide (99.9%, Sigma-Aldrich). As a modification of the process, 5.5 mmol of thiourea was 
dissolved in 2 mL of dimethyl sulfoxide firstly. Then 2.3 mmol of copper(II)-acetate monohydrate, 1.6 
mmol of tin(II)-chloride dihydrate and 1.6 mmol of zinc(II)-chloride were dissolved successively. Fig.1 
shows the flowchart for the different processes. The obtained precursor solutions have quite different 


appearances, indicating that different chemical reactions occurred during the preparation processes. 


Modified process (left) 
Thiourea ==> Cu(Ac), ==> SnCl, ==> ZnCl, 
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Cu(Ac), ==> SnCl, ==> ZnCl, ==> Thiourea 
Normal process (right) 


Fig.1 The preparation processes for different precursor solutions 
Precursor films were prepared using the different precursor solutions. The precursor solution was 


deposited onto a Mo-coated soda lime glass (Mo/SLG) substrate using spin-coating process followed by 


a drying process at 300 °C for 2 min (in a glove box). To obtain the precursor film with suitable thickness, 
the coating and drying processes were repeated for 7 times. After that, the obtained precursor film was 


pre-annealed at 300 °C for 30 min in the glove box. Three kind of precursor films were prepared, i.e., Pn 


samples (all the 7 sublayers were based on normal solution), Pm samples (all the 7 sublayers were based 
on normal solution) and Py samples (the 3 bottom sublayers were based on modified solution and the 4 
top sublayers were based on normal solution). 

A tube furnace with a graphite box was used for the selenization process. Firstly, the precursor film 
with 0.2 g of Se pellets were placed in the graphite box. Then the box was transferred into the tube 
furnace. After that, the furnace was evacuated and refilled with nitrogen until the pressure reach 100 Torr. 
Finally, the furnace was heated up following the temperature profile in Fig S1. To analyze the 
crystallization process of the films, half-selenized films were prepared by terminating the selenization 
process immediately after the temperature reached 300°C/350°C/400°C/450°C/500°C/550°C (cooled 
naturally to room temperature). The selenized CZTSSe films based on Pn precursors, Pm precursors and 


Ph precursors were named as n-CZTSSe, m-CZTSSe and h-CZTSSe, respectively. 
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Solar cells were fabricated following the structure of Mo/CZTSSe/CdS/i-ZnO/ITO. The CdS buffer 
layer was deposited at 75°C for 10min using the solution containing cadmium acetate, sodium citrate, 
thiourea and ammonium hydroxide. The thickness of the buffer layer was around 50nm. For the windows 
layers, i-ZnO layer with the thickness of ~5Onm and ITO layer with the thickness of ~100nm were 
deposited successively by sputtering. The Ni/Al metal grids were deposited on ITO by evaporation. 
Finally, the fabricated solar cells were divided into small pieces with the area of 0.25cm?. 

Bruker D8 Advance X-ray diffractometer and JY LabRAM HR Raman spectrometer equipped with 
532 nm laser were used to analyze the constitutions of the films. Morphologies and compositions of the 
films were measured by Nova nanoSEM450 Scanning Electron Microscopy (SEM). The micro-structures 
of the precursor films were characterized by JEM-2100Plus Transmission Electron Microscopy (TEM). 
For the TEM analysis, the films were peeled off from the substrates and dispersed on the copper foil. The 
surface morphology and the surface potential were measured by MFP-3D Origin+ Atomic Force 
Microscopy (AFM). The chemical environments and composition profiles of the elements were 
characterized by Escalab 250Xi X-ray photoelectron spectroscopy (XPS). I-V curves of the solar cells 
were tested under AM 1.5 global solar irradiations using Agilent B1500A semiconductor parametric 
analyzer. C-V measurements were carried out using the same apparatus under the frequency of 5OkHz. 
The quantum efficiencies (QE) of the solar cells were measured by a QTesT 1000ADX apparatus. The 
PL and TRPL spectroscopy of the CZTSSe films and the solar cell devices were carried out to at room 
temperature using an Edinburgh FLS980 Fluorescence spectrometer with excitation wavelengths of 660 
nm. 

3. Results and discussions 


3.1. CZTSSe films and solar cells based on different precursor films 


Modified 


Fig.2. SEM images of the CZTSSe films based on Pm precursor (a,b) and Pa precursor (c,d) 


The XRD patterns and the Raman spectra of the selenized films were shown in Fig. S2. The results 
revealed that all the films were mainly constituted by CZTSSe, no obvious differences were detected 
between the films. However, significantly difference was found between the morphologies of the films 
(Fig.2). While the typical bi-layer structure was observed in n-CZTSSe film, m-CZTSSe film exhibit 
uniform morphology with large spanning crystalline grains, which may benefit the transportation of the 
photo-carriers. Fig.3 shows the I-V and QE results of the solar cells using different absorber layers. The 
I-V curves clearly proved that the short-circuit current density (Jsc) was increased when m-CZTSSe was 
used as absorber layer. QE result of the solar cells revealed that the increased Jsc was mainly caused by 
the improved collection of the photo-carriers in the bulk of the solar cells (QE in the long-wavelength 
region was increased). According to the C-V characterization results of the solar cells (Fig. S18), the 
depletion region width of the solar cell based on m-CZTSSe and n-CZTSSe layers were 385 nm and 238 
nm, respectively. Therefore, the improved carrier collection in solar cell based on m-CZTSSe could result 
from the elimination of the fine grain layers, as well as the enlarged depletion region width. On the other 
hand, the open-circuit voltage (Voc) was obviously decreased when m-CZTSSe was used as absorber 
layer. As a result, the efficiency of the solar cell based on m-CZTSSe absorber was slightly lower than 


that based on n-CZTSSe absorber. 
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Fig.3. I-V curves of the best solar cells based on different processes. 
Though the solar cell performance was not improved by modifying the preparation of precursor films. 
It was interesting to see the simple modification on the precursor films can obviously influence the 
properties of CZTSSe films and solar cells. Moreover, the uniform morphology with large spanning 
crystalline grains that exhibited in M-CZTSSe film was attractive since the multi-layer crystallization 
was a common problem for CZTSSe material. Therefore, it would make sense to investigate the 
mechanism of the experimental results. 


3.2. Microstructure analysis of the precursor films 
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According to the reference, an alteration of the constitution in the precursor films can result in distinct 
crystallization process of CZTSSe, which may influence the properties of CZTSSe films. To verify 
whether the constitutions were changed in the precursor films, we characterized the films by XRD and 
Raman (Fig. S4). Surprisingly, the results revealed that both the films were mainly constituted by 
CuzZnSnSq (CZTS). The main difference between the results is that the Raman peak for the Pm precursor 


is sharper than that for the P, precursor, indicating that the Pm precursor has better crystallinity. 


Fig.4. SEM images of P, precursor film (a,b,c); SEM and EDS mapping of Pm precursor film (d,e,f,g). 

To clarify the differences between the precursor films, SEM, TEM and XPS analyses were used to 
characterize the films. SEM images of the films showed that the precursor films have similar 
morphologies. However, some small particles exist on the surface of the Pm precursor, which was proved 
to be Cu-rich by EDS mapping (Fig.4). The electron diffraction patterns of the precursor films proved 
that both the films were mainly constituted by Cu2ZnSnS4, which is in coincide with the XRD and Raman 
results. From the high-resolution TEM images of the films, we can see the lattice fringes with the distance 
of 0.3158 nm, which can be attributed to CuoZnSnSy. Lattice fringes with the distance of 0.3259 nm can 
be found in the TEM image of Pm precursor, which could be attributed to Cu1.96S (PDF No. 12-0224). 
Therefore, additional Cu-S phase would exist in Pm precursor films, which is in coincide with the EDS 
mapping results. Since the Cu-S phase cannot be distinguished by XRD, Raman and electron diffraction 
measurements, we believed that the amount of the Cu-S phase would be limited. Moreover, we found the 
grain sizes of Cu2ZnSnSzq nanocrystals in Pm precursor was larger than that in Pa precursor. Except that, 
the lattice fringes in the TEM images for Pm precursor were more regular than that in P, precursor, 


implying there were more lattice disorders in the Cu2ZnSnSq nanocrystals of Pn precursor than that of Pm 
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precursor. XPS was used to analyze the chemical states of the elements in the precursor films (Fig.6). 
Differences can be found between the XPS peaks of the Cu, Sn and especially the S elements. The reason 
could be that the precursor films have different lattice disorders (as observed in high resolution TEM 
images), which can change the chemical environments and shift the XPS peaks of the elements. As a 
summary, by modifying the preparation of precursor solution, the constitution, the lattice disorder of the 


nanocrystals and the chemical environment of the atoms in the precursor films can be changed. 
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Fig.5. TEM images and electron diffraction patterns of Pm precursor films (a,c) 


and Pm precursor films (b,d). 
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Fig.6. XPS spectra of the elements in different precursor films. 
3.3. Crystallization processes of the precursor films 
The crystallization processes of the precursor films were analyzed by measuring the morphologies, 


compositions, and the constitutions of the half-selenized films at different temperatures (Fig.7, Fig.8 and 


Fig.9). In the low-temperature region (300-350°C), we can see the formation of large crystalline grains 
on top of m-CZTSSe films, which can be attributed to Cuo.s7Se by XRD, Raman and EDS results (Fig. 
S5). As a comparison, no obvious crystalline grains were observed on top of the n-CZTSSe films. The 
Ai mode of CZTSSe (at ~200cm!) can be seen in the Raman spectra of m-CZTSS film, indicating that 
CZTSSe can form in m-CZTSSe film at the temperature of 300°C. However, CZTSSe cannot be 
distinguished in the Raman spectrum or XRD pattern of n-CZTSSe film even at the temperature of 350°C. 
In this temperature region, only a small amount of S was replaced by Se in the films according to the 


EDS result (Fig.10). 


Fig.7. SEM images of the films selenized at different temperature (a, 300°C; b, 350°C; c, 400°C; d, 
450°C; e, 500°C; f, 550°C; al-fl & a2-f2 for Pm precursor; a3-f3 & a4-f4 for Pa precursor) 
In the middle-temperature region (400-450°C), Cuo.s7Se crystalline grains disappeared from the 


surface of m-CZTSSe film. Instead, small crystalline grains appeared on both the films, which can be 


attributed to CZTSSe by XRD and Raman result (Fig.8, Fig.9). It can be seen the grain sizes of n-CZTSSe 
film were larger than that that of m-CZTSSe film, however, the crystallized layer in m-CZTSSe film was 
more compact than that in M-CZTSSe film. From the Raman spectra we can see the Raman peaks of m- 
CZTSSe is sharper than that of N-CZTSSe. Moreover, different vibration modes of CZTSSe can be 
clearly distinct in the Raman spectrum of m-CZTSSe film that selenized at 450°C (Fig. S6). These results 
proved that the long-range lattice order of the CZTSSe grains in m-CZTSSe film was enhanced compared 
to n-CZTSSe. Except that, obvious splits of the XRD peaks can be seen in the XRD patterns (Fig.S7) of 
m-CZTSSe films (e.g., the (112) diffraction peak was split to two diffraction peaks at 20=27.4° and 28.4°, 
which can be attributed to the (112) diffraction peak of CZTSSe and CZTS, respectively). This indicated 
the co-existence of CZTSSe and CZTS in m-CZTSSe films. As a comparison, no obvious splits of the 
diffraction peaks were observed in n-CZTSSe films except for the film selenized at 400°C. About the 
composition, EDS results reveal the films have different Se/(S+Se) ratios as the temperature raised to 
450°C. 

In the high-temperature region (500-550°C), the split of the XRD peaks (especially at high angles) 
still can be seen for m-CZTSSe films, indicating CZTS still exist in the films. While similar morphologies 
of the films can be observed at the temperature of 500°C, the films exhibit quite different morphologies 
as the temperature raised to 550°C (i.e., bi-layer structure containing a fine-grain layer for n-CZTSSe 
and homogeneous crystallized layer for m-CZTSSe). EDS result reveal that most of the S have already 
been replaced by Se in n-CZTSSe film at the selenization temperature of 500°C. However, at this 
temperature around half of the S still exist in m-CZTSSe film. As the temperature raised to 550°C, part 


of the residual S was replaced by Se in m-CZTSSe film and the Se/(S+Se) in both the films get close. 
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Fig.8. XRD patterns of n-CZTSSe (a) and m-CZTSSe (b) that selenized at different temperature. 
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Fig.9. Raman spectra of n-CZTSSe (a) and m-CZTSSe (b) that selenized at different temperature. 
3.4. Analysis on the mechanism of the crystallization processes 

The experimental results above clearly revealed that the microstructure properties of the precursor 
can significantly change its crystallization process. It would be meaningful to clarify the mechanisms, 
especially to find out the factor which result in the homogeneous morphology of CZTSSe film. Compared 
to the crystallization process of Pn precursor, the crystallization of Pm precursor showed the following 
main differences: the formation of Cuo.37Se and CZTSSe in the low temperature region, the split XRD 
diffraction peaks and the improved lattice order of CZTSSe crystals in the middle temperature region, 
and the homogeneous crystallization in the high temperature. Here will focused on these differences and 
tried to clarify the reasons. 

The formation of Cuos7Se grains on top of m-CZTSSe films should be related with the existence of 
Cu-S phase in the precursor film. As the appearance of Cuo.7Se, the characteristic peak of CZTSSe 
emerged in the Raman spectrum. This indicated that Cuo.37Se may assist the formation or the nucleation 
of CZTSSe. Due to the formation of more CZTSSe crystal nucleus in m-CZTSSe film than in n-CZTSSe 
film, the top crystallized layer in m-CZTSSe film was more uniform than that in n-CZTSSe film. 

In the middle temperature region, CZTSSe crystallized layers can be seen on both the films. Except 
for the morphologies of the crystallized layers (uniform or discontinuous), the lattice orders of the 
CZTSSe grains also exhibit differences according to the Raman results. This indicated that the 
crystallization mechanism may be different between the films. By elaborative characterization on the 
films, we found differences between the XPS spectra (Fig. S8). The XPS spectra of Se for different films 
proved that more elemental Se exist on the surface of m-CZTSSe film than on n-CZTSSe film at 400°C. 


As the temperature raised to 450°C, while the elemental Se was no longer exist on the surface of n- 


11 


CZTSSe film, it still existed on the surface of m-CZTSSe film. In the middle temperature region, the 
elemental Se would exist in the form of liquid, which may assist the crystallization of CZTSSe as reported 
in literature!!®!, This could explain why the CZTSSe grains in m-CZTSSe film have better lattice order. 
This could also explain why the composition of the crystallized layer in m-CZTSSe film was more Se- 
rich than that in n-CZTSSe film (the main Raman peak for m-CZTSSe shift to low wavenumber as the 
temperature raised to 450°C, in Fig. S6(c)). About the reason why elemental Se exist on the surface of 
the film, we believed it was because the temperature of the film-surface was lower than the temperature 
of Se source. Therefore, the Se vapor can transfer from the Se source and condense on the surface of the 
films. Due to the high thermal-radiation property of Cu-Se, the formation of Cuo.s7Se on the surface of 
the film will decrease the surface temperature, which make more Se residue on the surface of the film. 
Another phenomenon for m-CZTSSe films that occur in the middle temperature was the split of the 
XRD peaks, which indicated the coexistence of CZTSSe and CZTS. To know the distribution of S and 
Se in the films, we measured the depth profiling of S2p and Se3p XPS spectra for m-CZTSSe film and 
n-CZTSSe film (Fig.S8) at 450°C. The results proved that Se only exist in the surface region of m- 
CZTSSe film, which could be the reason for the split of the XRD peaks (the film contained a Se-rich 
CZTSSe top layer and a S-rich CZTS bottom layer). As a comparison, Se can penetrate into n-CZTSSe 
film, S only exist in the bottom of the film. Therefore, it seems Se was more difficult to diffuse into m- 
CZTSSe film than n-CZTSSe film. By measuring and comparing the depth profiling XPS spectra of n- 
CZTSSe and m-CZTSSe films at 500°C (Fig. S9, Fig. 10), we found the S-to-Se substitution in m- 
CZTSSe film was hindered compared to that in n-CZTSSe. At 450°C, Se have diffused into the bulk of 
n-CZTSSe film, but Se only existed in the surface region of M-CZTSSd film. As the temperature raised 
to 500°C, Se can diffuse into the bulk of m-CZTSSe film, but the S-to-Se substitution have nearly been 
finished in n-CZTSSe film. As we shown in section 3.2, the CZTS nanocrystals in precursor films have 
different crystallinity properties. More lattice disorders or defects would exist in Pa precursor, which can 
change the atomic arrangement and the chemical bonds between the atoms. As a results, the chemical 
environment of constitution elements was changed, which can be proved by the shift of the XPS spectra 
in Fig.6. Because the S-to-Se substitution is a process involving the broken of the M-S cheilcal bonds 
and the generation of M-Se chemical bonds. The significantly different chemical environment of S may 
result in different activation energy for the S-to-Se substitution. This could be the reason why the S-to- 


Se substitution in m-CZTSSe film was hindered. 
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Fig.10. Variation of S/(S+Se) ratio as temperature (a); depth profiling XPS spectra of S and Se for m- 
CZTSSe films at 500°C (b) and 550°C (c). 

In the high temperature region, the films showed similar morphologies and constitutions at 500°C 
(Fig. 7, Fig. 8 and Fig. 9), however, the composition of the films were different (Fig.10, Fig. S9). As the 
temperature raised to 550°C, crystalline grains in the CZTSSe top layer grew up significantly for both 
the films. From the XPS characterization results of the films (Fig.S10), we found the exist of Na on the 
surface of the films. Because liquid Se was no longer exist on the surface of the films at such high 
temperature (Fig. S8), the significant growth of CZTSe grains could result from the liquid NaSe, assisted 
grain growth mechanism !°!, Except that, the fine-grain layer in the bottom of m-CZTSSe film transfer 
to a crystallized layer, but no obvious change was observed for the bottom of n-CZTSSe film. The 
phenomena indicated that some factor enhanced the crystallization of the bottom of m-CZTSSe film. 

By further analyzing the XPS results (Fig. S10), we found the distribution of Na in the surface 
region of the films were different. For n-CZTSSe film, Na only existed on the surface of the film (no 
obvious Na can be detected when the surface was etched by Ar ions). However, for m-CZTSSe film, Na 
not only existed on the surface of the film, but also existed beneath the surface. Except that, Na can be 
detected in the bulk of the films for both N-CZTSSe and m-CZTSSe films. So, a continuous distribution 
of Na and a discontinuous distribution of Na were found for m-CZTSSe film and n-CZTSSe film, 
respectively. It should be noted that the distribution types of Na in different films were not influenced by 
the temperature. We have measured the XPS spectra of the films selenized at different temperature (not 
shown here). We found the distribution of Na was continuous even at the selenization temperature of 
510°C, and only limited Na was detected beneath the surface of n-CZTSSe film that selenized at 570°C. 
According to the literature, we believed the Na existed on the surface of the film came from the 


preparation atmosphere (condensed from vapor NaSe;), and the Na in the bulk of the film came from the 


substrate (diffused from SLG glass) ?°!. Since the substrates and the selenization conditions were the 
same, the continuous distribution of Na indicated that the mass transfer of in m-CZTSSe film was 
enhanced by some mechanism. 

As a summary of the discussion above, we observed the enhanced crystallization in the bottom of 
m-CZTSSe film, as well as the enhanced mass transfer in the film. They may result from the same factor 
because an enhanced mass transfer was normally believed can benefit the crystallization process. As we 
mentioned, the main difference between the films was the composition (S/(S+Se)) of the films at 500°C. 
Therefore, the different crystallization behaviors of the films in the high temperature region may related 
with the variation of the S/(S+Se) ratios in the films. During the selenization process, the S in the 
precursor film was gradually substituted by Se. This process involves the decomposition of CZTS, the 
formation of intermedia phases (Cu-Se, Sn-Se, Zn-Se, Cu-Sn-Se, etc), and the transition from intermedia 
phases to CZTSSe. Compared to n-CZTSSe films, the S-to-Se substitution in the bulk of the film was 
delayed to higher temperature. As a results, the intermedia phases may vary, which can influence the 
crystallization of the film. For some of the SEM images of m-CZTSSe films (Fig.S11(c)), we have 
observed specific structure in the boundaries of the crystalline grains, which has very similar 
morphologies with the residual Cu-Sn-Se liquid phases hat reported in the literature '4]. Therefore, we 
believed the delayed S-to-Se substitution in m-CZTSSe at higher temperature would generate specific 
liquid phase, which can enhance the mass transfer and assist the crystallization in the bottom of the film. 

It should be noted that the generation of the liquid phases was closely related with the temperature. 
We have prepared m-CZTSSe films using different selenization temperature. When the temperature was 
below 500°C, a fine grain bottom layer can be seen even the films exhibit a total Se-rich composition. 
This indicated that a S-to-Se substitution in the low temperature (<500°C) cannot generate the liquid 
phases. This also explained why the fine-grain layer cannot be eliminated in n-CZTSSe films (the So-to- 
Se substitution has been completed when the temperature raised 500°C). 

By comparing and analyzing the experimental results, we can make a conclusion about the 
crystallization mechanism of the films in high temperature region. As significantly Na was found on the 
surface of n-CZTSSe film, we believed the grain growth of the top CZTSSe layer was dominated by the 
liquid NaSex (enhanced the mass transfer across the surface). According to the Na-Se phase diagram, the 
liquid NaSex phase can only be generated in the Se-rich environment. Therefore, though Na was detected 


in the bulk of the films, no liquid NaSex phase can be generated due to the absence of Se-rich environment. 
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For m-CZTSSe film, though significant Na was also detected on the surface, but the mass transfer was 
dominated by the liquid phase that generated in the bulk of the films. Therefore, we believed tha grain 
growth in m-CZTSSe film was dominated by the liquid phase. 


3.5. Detailed properties of n-CZTSSe and m-CZTSSe films 
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Fig. 11. C-f results and the acceptor levels for n-CZTSSe (a,c) and m-CZTSSe (b,d) 

The properties of the CZTSSe films were characterized and compared. By comparing the PL and 
QE results (Fig. S17), the band tailing energies of the films can be estimated, which were 14 meV and 
96 meV for n-CZTSSe film and m-CZTSSe film, respectively. The acceptor levels of the films were 
calculated using the C-f data, which were 163 meV and 53 meV. TRPL measurements showed that the 
carrier lifetime of m-CZTSSe (t1=0.197ns, t2=0.899ns) is higher than that of n-CZTSSe (t1=0.122ns, 
t2=0.561ns), indicated lower deep defects exist in m-CZTSSe film than in n-CZTSSe film. The results 
proved not only the morphologies, but also the defect properties of the CZTSSe were changed by 
modifying the microstructure of precursor. We believed the different defect properties of the films were 
related with their crystallization mechanisms. 

From Fig. S12 we can see the deposition of CdS buffer layer can effectively increase the lifetime 
of the carriers in CZTSSe films. However, after the deposition of the buffer layer, the the carrier lifetime 
in m-CZTSSe film was shorter than that in n-CZTSSe. This indicated that the passivation effect of the 
buffer layer was more effective on n-CZTSSe film than on m-CZTSSe film (this could be the reason for 
the low Voc and decreased QE in short-wavelength region for the solar cell based on m-CZTSSe). The 
reason for these phenomena should be that the surface properties of the CZTSSe films were different, 


which may influence the deposition processes of the buffer layers. Furthermore, the AFM measurements 
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proved that the surface potential of the m-CZTSSe and n-CZTSSe films were different obviously. 
Therefore, except for the bulk properties, the surface properties of the CZTSSe films were also different. 


3.6. CZTSSe films and solar cells based on hybrid precursors 


(al) 


Fig.13. The crystallization process of h-CZTSSe films 

From the experimental results above, we can conclude that m-CZTSSe film has fewer deep defects 
and band tail defects, but the acceptor level is relatively high. As a comparison, n-CZTSSe film has more 
deep defects and band tail defects, but the acceptor level is relatively low. Except that, m-CZTSSe film 
has uniform morphology and n-CZTSSe film has better surface properties for the buffer deposition. Since 
the properties should be related with their crystallization mechanism, we thought it should be interesting 
to build a hybrid structure for precursor films, which contained Pm bottom layers and P, top layers. During 
the selenization, the liquid phase that generated in Pm layers should enhanced the crystallization of the 
bottom layer and prevent the formation of deep defects and band tail defect in the bulk of the film. On 


the other hand, the NaSex that formed on the surface of the film can assist the grain growth of the top 
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layer, improve the surface properties, and decrease the acceptor level of CZTSSe film. Fig. 12 shows the 
SEM images of the CZTSSe films based on hybrid precursor. From the figure we can see the CZTSSe 
film contains uniform crystallized layers. 

Fig. 13 shows the crystallization process for h-CZTSSe films. From the SEM images and the XRD 
patterns (Fig. S19) for the films selenized at different temperature, we found no obvious CuSe crystalline 
grains exist on the films in the low temperature region. As the temperature raised to 550°C, crystalline 
grains appeared in the bottom of the film. Depth profiling XPS spectra (Fig. 14) revealed that the S-to- 
Se substitution in the bottom of the films mainly take place in the temperature higher than 550°C. XPS 
spectra for the surface region of the films proved the existence of Na on the surface and a discontinuous 
distribution of Na in the surface region. The properties of the CZTSSe films based on the hybrid films 
were characterized. The band tailing energy of the films were 35meV (Fig. S17). Two acceptor level with 
the energy of 52 meV and 96 meV were calculated from the C-f results. Therefore, by using precursor 
film with hybrid structure, we can prepare CZTSSe films under a mixed crystallization mechanism. In 
this method, the crystallization of the different part in the film (surface, bottom, etc) can be optimized 


separately. As a result, the comprehensive properties of the film can be improved. 
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Fig.14. Depth profiling XPS spectra of S and Se for h-CZTSSe films 
selenized at 500°C (a) and 550°C (b) 

Fig. 16 shows the I-V statistic of the solar cells based on m-CZTSSe, n-CZTSSe and h-CZTSSe 
films, the parameter for the best solar cells were listed in Table S2. It can be seen that the reverse 
saturation current density and the idea factor of the solar cells based on h-CZTSSe were significantly 
lower than the solar cells based on m-CZTSSe and n-CZTSSe films, indicated that the recombination of 
the photo carriers were prevented in the solar cell. As a result, the solar cells based on hybrid precursor 


have the highest open circuit voltage, the best solar cell achieved the efficiency of 12.6% (Fig. 16). 
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Fig.16. I-V statistic of the solar cells (a,b,c,d) and the best I-V curve based on h-CZTSSe film (e) 

3.7. Additional discussions 

Herein we showed that the variation of the microstructure (including constitution, crystallinity, 
chemical environment of the atoms, etc) in precursor films can significantly change the crystallization of 
CZTSSe films. The CZTSSe films underwent different crystallization processes exhibited different 
properties. We believed the properties of the films were dominated by their crystallization mechanisms. 
For example, the shallow acceptor level could be the characteristic property of the CZTSSe films which 
was dominated by the NaSe, assisted grain growth mechanism. The low band tailing energy might be the 
characteristic property of the CZTSSe films which was prepared by a high temperature S-to-Se 
substitution. Therefore, the understanding about the relationship between the properties of CZTSSe films 
and their dominating crystallization mechanism could be essential for the preparation of high quality 
CZTSSe films and high efficiency CZTSSe solar cells. Moreover, our experimental results shows that a 
mixed crystallization mechanism could be achieved by designing the multi-layer structure of the 


precursor films. By carefully designing the structure and modifying the microstructure of the layers, the 
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crystallization in different part of the films can be optimized separately, which is benefit to the 
comprehensive properties of CZTSSE films. 
4. Conclusion 

In this paper, we proposed a new methos to modify the microstructure properties of the precursor 
films. We found the variation of the microstructure can significantly influence the crystallization 
processes and the properties of CZTSSe films. We found a S-to-Se substitution in high temperature 
(>500°C) may generate liquid phase which can assist the grain growth in CZTSSe film. This process can 
be used to eliminate the bi-layer structure of CZTSSe films. By analyzing the crystallization mechanism 
and the properties of the CZTSSe films, we found the properties of CZTSSe films might be dominated 
by their crystallization mechanism. Moreover, precursor films with hybrid structures were proposed and 
prepared. Such precursor exhibited a mixed crystallization mechanism during the selenization process. 
As the result, the crystallization in different parts of the films were optimized separately. Solar cell with 


efficiency up to 12.6% were achieved by using such preparation strategy. 
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Fig. S4. Raman spectra Pn precursor film (a) and Pm precursor film (b) 


Table S1. Compositions of the precursor films 


Cu(at%)  Zn(at%)  Sn(at%) S(at%) Cuf(Zn+Sn) Zn/Sn  S/(Cu+Zn+Sn) 


Pa 


20.7 14.0 12.0 53.3 0.80 1.16 1.14 


21.7 14.9 11.7 52,5 0.82 1.27 1.10 


Fig. S5. EDS characterization on different area of m-CZTSSe film selenized at 300°C 
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Fig. S6. Comparison between the Raman spectra of n-CZTSSe and m-CZTSSe at different temperature 
(a, 350°C; b, 400°C; c, 450°C) 
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Fig. S7. Zoomed XRD patterns of n-CZTSSe (a) and m-CZTSSe films (b) at different temperature 
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Fig. S8. XPS spectra of Se for m-CZTSSe films (a) and n-CZTSSe films (b) at different temperature 
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Fig. S10. XPS spectra of Na in the surface region of the films and the distribution of Na in the bulk of 
the film (a, d, m-CZTSSe; b, e, n-CZTSSe; c, f, h-CZTSSe) 


25 


202203.00027v1 


chinaXiv 


Fig. S11. SEM images of the CZTSSe films (based on Pm precursor) with the selenization temperature 


of 500°C (a,b) and 530°C (c,d) 
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Fig. S12. TRPL spectra of CZTSSe films (a) and solar cells (b) 
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Fig. S13. Surface potential of m-CZTSSe (a) and n-CZTSSe films (b) 
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Fig. S14. Element profiling of m-CZTSSe and n-CZTSSe films that selenized at different temperature 
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Fig. S15. Element profiling of m-CZTSSe at 500°C (a) and 550°C (b); S/(S+Se) ratios of the films at 
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Figure S16. IV and QE curves of the solar cells based on different precursor 
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Table S2. Parameters of the solar cells based on different CZTSSe films. 


Voc Jsc FF Eff Eg EpL Eş- Jo 
(mV) (mA/cm?) (%) (%) (eV) (eV) Ep. (mA/cm?) A 
(meV) 
n-CZTSSe 439.4 33.8 71.6 10.6 1.129 1.033 96 3.2x10° 2.0 
m-CZTSSe 409.7 35.4 71.0 10.3 1.062 1.048 14 9.8x104 1.7 
h-CZTSSe 454.2 34.6 75.4 11.8 1.062 1.027 35 6.9x10° 13 
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Fig. S17. Estimation of the band tail energies for different CZTSSe films 
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Figure S18. C-V analysis of solar cells based on different CZTSSe films 


28 


Intensity (arbritary units) 


2theta (degree) 


Fig. S19. XRD patterns of h-CZTSSe films at different teperatures 
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